The photophysics and charge state dynamics of the nitrogen vacancy (NV) center in diamond has been extensively investigated but is still not fully understood. In contrast to previous work, we find that NV 0 converts to NV − under excitation with low power near-infrared (1064 nm) light, resulting in increased photoluminescence from the NV − state. We used a combination of spectral and time-resolved photoluminescence experiments and rate-equation modeling to conclude that NV 0 converts to NV − via absorption of 1064 nm photons from the valence band of diamond. We report fast quenching and recovery of the photoluminescence from both charge states of the NV center under low power 1064 nm laser excitation, which has not been previously observed. We also find, using optically detected magnetic resonance experiments, that the charge transfer process mediated by the 1064 nm laser is spin-dependent.
INTRODUCTION
The negatively charged NV defect center (NV − ) in diamond has become prominent for applications in quantum information, nanoscale magnetic and electric field sensing, and fluorescent biological markers [1, 2] . However, the photophysics of the NV − center, and the dynamics of charge transfer between NV − and NV 0 defect states, as well as the energy level structure and positions of the defect levels within the diamond bandgap, are still subjects of current research [1, 3, 4] . Improved readout of the spin state via spin-to-charge conversion [5] is crucially dependent on better understanding of the photophysics of the NV center.
Another exciting recent direction of research is the trapping of diamond nanocrystals for quantum optomechanics [6] [7] [8] . Decrease of photoluminescence was observed from NV centers in the nanodiamonds that were optically trapped by an infra-red laser. In 2013, two groups observed fast photoluminescence quenching and recovery under infrared excitation from nanodiamonds on a glass substrate [9, 10] . Explanations for these effects have included heating of diamond [8] , multi-photon process [9] , charge state transfer [7] and also a dark state within the intrinsic optical transition of the NV center [10] . In this work, we study the charge state dynamics of the NV center under 1064 nm laser excitation, through a combination of spectral and time-resolved photoluminescence and optically detected magnetic resonance experiments. We report four new findings: (i) the observation of enhanced photoluminescence from the NV − charge state, (ii) fast modulation (quenching and recovery) of the photoluminescence (∼ ns) from both NV − and NV 0 charge states, (iii) slow (∼ µs) charge transfer between NV − and NV 0 charge states under 1064 nm laser excitation, and (iv) evidence for spin dependent charge state dynamics under 1064 nm laser excitation.
EXPERIMENT Diamond samples
The electronic grade bulk diamond sample (Element Six, [N ] < 5 ppb) was nitrogen implanted at 85 KV, with 10 11 /cm 2 dose, followed by annealing at 1000
• C in forming gas (N 2 and H 2 ). This procedure creates a 20 nm NV center layer at about 100 nm below the diamond surface with estimated NV area density of 10/µm 2 . The 100 nm nanodiamonds (Adamas Nanotechnologies, Inc.) used in the experiment contain on average ∼ 500 NV centers in each nanodiamond (ND). These diamonds arrived suspended in de-ionized water and we diluted it with ethanol and deposit it onto clean silicon chips. Figure 1 (c) shows the SEM image of these individual nanocrystals. We observed significant heterogeneity of the count rates from the ND, that could arise from the interplay of the crystal and NV orientation, laser polarization, charge state, and lifetime effects.
Improving Thermal contact and Drift
Our experimental setup is sketched in Figure 1(a) . A confocal microscope is built for imaging the NV centers in diamond samples. We overlap the 532 nm excitation laser (Green) with a continuous wave (CW) 1064 nm laser (IR) and a long focal length lens was placed individually in the 1064 nm laser path to correct the chromatic aberration from the objective lens. The photoluminescence (PL) emitted by NV centers is collected with a high numerical aperture (NA) dry objective (Leica, Apo 0.9 NA). Different bandpass filters are applied for NV − or NV 0 as described below, and the PL is fiber-coupled into a Single Photon Counting Module (SPCM) for integrated counts or to a spectrometer. Microwaves are delivered through a 30 µm in diameter gold plated tungsten antenna to the target NV centers to manipulate their ground spin arXiv:1603.08066v2 [cond-mat.mtrl-sci] 6 Apr 2016 Figure 1 . (a) Experimental confocal microscope integrated with 1064 nm CW laser. 532 nm laser, PL from NV centers and 1064 nm laser are separated by two dichroic beam splitters (DBS1 and DBS2). A moving lens (ML) in 1064 nm laser path helps to correct the chromatic aberration of the high NA Objective (Obj). Scanning mirror (SCM) helps to obtain 2D PL image. Samples are indium soldered on the cold finger made of copper (Cu) and microwaves are delivered with antenna (MW) to the sample. Notch 532 nm (NF) and different longpass (LP) and shortpass (SP) filters are applied for different collection windows (650 nm LP and 800 nm SP for NV − or 582/75 nm bandpass filter for NV 0 ). The PL was coupled into a single mode fiber (SM fiber) and received by Single Photon Counting Module (SPCM) or a spectrometer (SPEC) (b) Optical image of indium soldered bulk diamond on a copper plate (yellow), the indium solder (silver) can been seen through the bulk diamond, which is 3.5*3.5mm for its dimension (c) SEM image of 100 nm commercial nanodiamond deposited on a silicon chip.
states. The objective and the samples can be enclosed in a cryostat chamber, which enables a low temperature environment.
Previous studies were carried out with very high peakpower pulsed 1064 nm excitation [9] or moderate CW power [10] and did not mention the thermal drift of the sample caused by laser heating. However, we found in our system that using a substrate with poor thermal conductivity such as cover glass, which was typically used with the earlier ND studies [9, 10] , will result in thermal drift of the sample and reducing the collected PL counts on a time scale of "seconds". We suspect this is possibly due to the thermal expansion of the substrate when tens of milliwatts of 1064 nm laser is intensely focused onto it. This drift can be corrected by re-optimizing the focus on the sample, but may interfere with the effects we are interested in. Therefore, we attached our sample to the cryostat cold finger (made of high purity oxygen-free copper), which serves as an excellent heat sink for the sample. The attachment between the sample(or silicon substrate for ND) and cold finger is by indium soldering. We particularly choose indium soldering because this mechanical bond gives good thermal contact and can survive under low temperature. It also provides a lower PL background for a transparent sample compared to most optical adhesives. After indium soldering, under tens of milliwatts of 1064 nm laser illumination, we found that the counts were stable under IR excitation, and also found that re-optimizing the focus no longer improved the photoluminescence level, which suggests the thermal drift problem has been eliminated. Figure 1(b) shows the indium soldered bulk diamond sample on a copper plate (part of our cold finger).
RESULTS AND DISCUSSION

Steady state photochromism with IR excitation
We find a marked change in the PL spectrum when exciting simultaneously with 532/1064 nm CW laser illumination. This phenomenon is robust at both room temperature and low temperature (Figure 2) , and is visible in both bulk diamond and diamond nanocrystals. The PL in the wavelength range from 550 nm to 625 nm has been identified as originating from NV 0 , while it is usually accepted that the PL from the NV − phonon side band (PSB) dominates over that from NV 0 in the wavelength range from 650 nm to 800 nm [11] . Since the PL change in Figure 2 shows a decrease in the NV 0 band, while there is a corresponding increase at the same time in the NV − band, we believe the 1064 nm laser has the ability to induce the charge state flipping from NV 0 to NV − . For the bulk diamond sample at room temperature (295K) in Figure 2 (a), we observed obvious PL decrease at the zero phonon line (ZPL) of NV 0 centers (575 nm peak), while no marked PL increase was observed at the ZPL of NV − centers (638 nm peak at room temperature and 637nm at low temperature). This is because the PSB of NV 0 center slightly overlap with the NV − ZPL [3, 12] . We observed similar PL change under low temperature (16K) from the 100 nm ND sample, as seen in Figure 2 (b). One noticeable difference is the absence of a strong Raman line from the ND, which is expected in moving from bulk to nanocrystalline diamond.
In the spectrally-integrated data that we present in the rest of the paper, we will refer to PL collected in the spectral window from 650-800 nm as arising from the NV − charge state, and to PL collected in the spectral window from 550 -625 nm as arising from the NV 0 charge state. This is in good agreement with previous observations, as well as with our data shown in Figure 2 .
Time resolved photoluminescence
Nanodiamonds that we purchased commercially have large heterogeneity and therefore we focused on the bulk diamond sample to further study this 1064 nm laser induced effect. Firstly, the confocal images of NV centers in the bulk diamond were taken in Figure 3 . We chose randomly a location where both charge states gives sufficient counts rate as shown in Figure 3 (a) and (b). Then, we turn on and off the IR laser while green excitation is on all the time. The data shown in Figure 3 (c) and (d) are obtained by integrating the counts in the spectral window corresponding to NV − and NV 0 respectively. The increase (decrease) of the counts in the two spectral regions, modulated by the IR laser, is robust and is the opposite of previous experiments in ND that found only decreased photoluminescence of the NV − state under IR excitation [9, 10] .
We modulated both green and IR lasers on submicrosecond timescales to time-resolve the PL from NV − and NV 0 . We used an acousto-optic modulator (AOM) in our experiments to realize fast switching of both 532 nm and 1064 nm lasers. The response times of both AOMs are ∼ 50 ns. The first experimental pulsed sequence and result are shown in Figure 4 . The PL is collected for both states under same experimental condition and then normalized to the steady state PL separately.
As shown in Figure 4 , after the 1064 nm laser was on, we first observed a fast quench of PL counts for both charge states. It was followed by a slow increase for the NV − state and a slow decrease for NV 0 state separately. Neglecting the fast decrease for the moment, we call the latter effect the "slow effect". Below, we have developed a simple theoretical model ( Figure 5 ) based on NV 0 ↔ NV − charge state transfer which explains quite well the slow effect. The relative location of the NV − charge state to the conduction and valence band of diamond has been established as shown in Figure 5 (following Ref. [3] ). The current understanding is that the photo-ionization from NV − to NV 0 is actually a two-step procedure: one laser photon with energy > 1.95 eV excites the ground state NV − to the excited state, followed by another laser photon ionizes it through diamond conduction band, resulting in the NV 0 charge state [3, [14] [15] [16] . Meanwhile, the position of NV 0 energy levels relative to the conduction and valence bands is not well known and the source of the electron captured by NV 0 to convert it back to NV − is still under debate. One possible electron donor is the valence band of diamond. Similar to the ionization process, the NV 0 → NV − process was also suggested to be a two-step procedure, which requires one laser photon with energy > 2.15 eV to excite NV 0 to its excited state, followed by another photon that promotes an electron from the valence band, which is captured by NV 0 to form NV − charge state [3, 4, 16] . This explanation met trouble when experimental detection of NV 0 → NV − process occurred under 593 nm (2.1 eV) laser illumination, in which case the NV 0 charge state should not be excited [3] . The substitutional nitrogen impurity (P1 center) nearby was suggested as another possible source of the electron [3, 17] . In this one-step procedure, NV 0 captures the optically excited electron from nearby P1 donor through conduction band, and is converted to NV − . However, since the P1 donor level is measured to lie 1.7 ∼ 2.2 eV below the conduction band [18] ,the 1064 nm laser (energy of 1.165 eV) should not be able to trigger this one-step transformation. Ref. [3, 17] also indicate thresholds as 1.95 eV or 2.03 eV separately to trigger this one-step procedure based on their data. Therefore, we postulate an extension for the two-step NV 0 → NV − model that l064 nm laser may provide sufficient photon energy to complete the second step, where a 1064 nm laser-excited electron from valence band got captured by a NV 0 to form a NV − . This extended twostep process competes with the well studied ionization procedure caused by 532 nm laser (converts NV − to NV 0 ), forming a new balance of charge states population. We use a simplified two-state (NV − and NV 0 ) model to describe the dynamics of charge state flipping. The populations of the charge states can be described as follows:
where P i (t) (i = -or 0) are the population of two charge states respectively as a function of time, r −/0 is charge flipping rate from negative to neutral state while r 0/− is the opposite. The dynamic solution indicates an exponential dependence of populations versus time:
We used this result to fit the "slow effect" shown in Figure 4(a) and obtain the dependence of r = r −/0 + r 0/− on 1064 nm laser power , which is shown in Figure 6 . From Figure 6 , firstly, it is clear that the rates of the slow changes in PL collected from NV − and NV 0 are synchronized reasonably well, which indicates again that charge state flipping argument is correct. Secondly, the charge flipping time constant is in microseconds time scale, which is much slower than the internal optical transitions of NV center [1] . This time scale also agrees with the conclusions in Ref. [3] under IR illumination power we used in experiments. Finally, we found a linear relation between IR power and the sum of flipping rates in Figure 6 when IR power is moderate (<15 mW). We believe the saturation behavior after that is limited by the specific process that happens during electron promotion, such as saturation from weak green excitation and optical pumping. We now return to the rapid quenching and recovery of the PL which we observed for both charge states in Figure 4 . To gain further insight, we applied 1064 nm laser pulses of width 200 ns repeated several times, as shown in Figure 7 . As seen in the data, the fast decrease and subsequent recovery for both charge states is definitely limited by response time of our AOM (∼ 50 ns).
The first observation of 1064 nm laser induced PL fast quenching for both charge states was reported by Ref. [9] . In their experiments, a high peak power 1064 nm pulsed laser (4.8 MHz repetition rate, 16 ps pulse duration) was focused by 1.4 NA oil immersion objective onto ND samples. We estimated that the focused peak power density ∼ 400 W/µm 2 from the parameters given in that work. The authors attributed the fast quenching time of hundreds of picoseconds to multiple-photon (MP) related thermal induced change in NV photophysics parameters. However, in Ref. [10] , a similar quench was reported on single NV − centers in diamond nanocrystal under very different conditions using a CW IR laser at 1064 nm. In that work, the laser was focused onto ND deposited on cover glass by 1.2 NA oil immersion objective, and we estimated that the focused power density ∼ 65 mW/µm 2 from their parameters. They argued their laser was not powerful enough to trigger MP procedure. The explanation of their data was postulated to be a previously unreported dark state in the optical transitions of the NV − center. However, they did not report that this phenomenon also exists and is even more pronounced for NV 0 charge state as we show in Figure 7 .
Based on the previous results, and our experimental conditions, we believe our data also does not originate from any thermal heating or MP processes. Firstly, we are using a CW laser which is being modulated on much slower timescales in comparison to the pulsed laser in Ref. [9] ; secondly, because of the 0.9 NA dry objective we use compared to Ref. [10] , our laser focused intensity is even lower (∼ 20 mW/µm 2 maximum). We also provided a much better thermal contact to a good heat sink material, and in comparison to ND, we used bulk diamond which has extremely high thermal conductivity. Ref. [9] also claimed they did not see obvious effect by using CW 1064 nm laser, which is the excitation that we use. Therefore we believe that the fast quenching is not because of the heating or MP processes caused by the 1064 nm laser.
In our model, when low green illumination is used, the excited state of both charge states is populated only weakly. The first possibility is that the IR laser causes transitions from the ground state to one of the metastable electronic levels. However, while the NV − center has a metastable singlet transition ( 1 A 1 to 1 E) at 1042 nm, it is unlikely that a transition will occur at the low excitation powers we use, and further the typical 300 ns singlet relaxation time is much longer than the fast recovery we see. Another possibility is that the IR photon causes a fast deformation of the lattice away from the C 3v symmetry via vibronic coupling, resulting in dressing of the electronic levels by a Jahn-Teller like splitting, and thereby decreasing the dipole matrix elements and the photoluminescence from the electronic levels. Stimulated emissions from the NV excited state to its ground state vibronic side band is another explanation for the fast quenching. A recent work observed a similar quenching under the stimulating wavelength of ∼ 700 nm [19] (from a pulsed source), which is the peak of the NV emission PSB. They argued this fast effect as stimulated emission because they observed PL reductions at the rest of wavelengths (550 nm to 650 nm). However, in our case, considering the extremely weak spontaneous PSB emission at 1064 nm from both charge states and also the weak laser power density we used compared to their work, direct observation of strongly enhanced 1064 nm emission will be needed before we can attribute the fast effect to stimulated emission. Finally, it is possible that the IR photon is causing a fast local change in the electric field around the NV centers, for instance through optical rectification (a χ 2 process) or altering the band-bending at the surface of the diamond which is ∼ 100 nm away, which also will affect the dipole matrix elements. We are not aware of previous literature where such effects have been explicitly identified. The origin of this fast modulation is clearly an important subject for future research.
Optically detected magnetic resonance (ODMR) under 1064 nm laser Illumination
We found that the charge state flipping of NV centers, especially with IR illumination, has been rarely studied with optically detected magnetic resonance (ODMR) before. Therefore, we decided to carry out ODMR at the confocal spots where we had already observed charge flipping (sample shown in Figure 3) .
The first interesting finding is 1064 nm laser enhances NV − ODMR contrast under low 532 nm laser excitation power. In this experiment, we used 30 mW 1064 nm laser power and 0.013 mW 532 nm laser power for excitation, which was carefully optimized to improve the contrast. The CW ODMR experimental result for NV − collection window (650-800 nm) is shown in Figure 8(a) . It is very clear that the participation of 1064 nm laser increased the overall PL counts by a factor of 1.9; meanwhile, the ODMR contrast at 2.87 GHz has also been enhanced by a factor of 1.7. This enhancement effect is robust through the sample, although the amount of this increase is different from one location to another. Because the four orientations of NV centers within the laser spot could be randomly distributed, the effective laser power used in charge flipping dynamics could be different from one location to another. Therefore, it is reasonable that the final populations are different from one location to another.
The thermally-induced ODMR peak shift has been well studied [20, 21] . We did not see any shift of the ODMR peak away from 2.87 GHz during repetitive tests, within our signal to noise limit. The absence of this shift indicates again that our observations are unlikely to be due to temperature shifts. Another interesting finding appears when we switch to NV 0 collection window (550-625 nm). We set 20 mW 1064 nm laser with 0.1 mW excitation 532 nm laser for optimizing the effect. The overall background counts decrease, opposite to NV − window, consistent to the result in Figure 2 (a) and (b). However, we observe an unexpected ODMR signal around 2.87GHz from the NV 0 collection window in Figure 8 (b) when the IR laser excitation is used.
Since we have not applied magnetic field during this experiment, and due to spin 1/2 nature of NV 0 , we postulated that the charge state flipping procedure under IR excitation is spin dependent. It tends to flip more NV 0 to NV − when NV − is populated in the |m s = ±1 state. To further examine this effect, we attempted a pulsed experiment which is designed to show the spin dependence property of NV 0 → NV − charge state dynamics. The pulsed sequences are shown in Figure 9(b) . We start the sequence with initialization green laser pulse, followed with a microwave π pulse after switching off the green laser. We independently can measure Rabi oscillations to calibrate our π pulse (data not shown) by using just the green laser and following standard time-resolved counting techniques for NV center [22, 23] . Thus, this procedure populates the NV − mostly to its |m s = ±1 state with the π pulse. Then the green laser was switched on again 100 ns after the π pulse and the IR laser was switched on 50 ns after the green laser. We try to compare the behavior after IR laser was on for the cases when microwave π pulse is switched on or not. Normalized results are shown in Figure 9 (a). As we expected, mapping NV − to its spin-1 state by the π pulse seems to enhance the charge state flipping NV 0 → NV − rate and therefore less PL counts are collected from NV 0 window. A zoom in figure (i) shows the PL difference of the two cases. Although the contrast is small, this difference is robust from one run to another. We exponentially fitted the PL contrast in figure (ii), which indicates a 1900 ns decay time before the contrast disappeared.
This decay time may seem long considering the measured ∼ 300 ns spin polarization time from the m s = ±1 to m s = 0 state of the NV − center. However, we note that given the excitation power of the green laser which is well below saturation, the rate of spin-polarization by optical pumping will be decreased. While we have not carried out detailed calculations, it seems reasonable given the data that the contrast and the time-scale shown in Figure 9 arises from optically mediated spin polarization under our experimental conditions. The main feature we are reporting in this paper is that there appears to be a spin-dependent component to the charge transfer, as confirmed by the fact that we see ODMR signal when collecting PL from the NV 0 window under IR excitation, and the time-resolved experiment with and without a microwave π pulse shows a contrast when the IR laser is turned on.
Conclusion
In conclusion, we report the observation of 1064 nm laser induced charge state flipping from NV 0 to NV − in small ensembles of NV centers, under a wide variety of samples and experimental conditions. A faster (50 ns, limited by our AOMs) PL quenching and recovery effect Figure 9 . (a) Spin dependence of NV 0 PL counts (Savitzky-Golay filter applied [13] , normalized to steady state) through charge state flipping after switching on 1064 nm laser (i) Zoom in of PL contrast (ii) Exponentially fit of the PL contrast decay time (b) Corresponding pulsed sequence: start with green laser initialization pulse for 2300 ns, followed wtih a 2.87GHz π pulse to flip the spin after green was off. A detection green pulse was applied 100 ns after the Pi pulse and IR gating pulse was 50 ns after that.
for both charge states has been observed but is still not fully understood. We analyzed the charge state flipping model, which indicates 1064 nm laser photon could be sufficient to promote an electron from valence band and captured by NV 0 to convert to NV − state, and found good agreement with the slow (∼ µs) PL dynamics. We also found preliminary evidence that the charge state flipping induced by the 1064 nm laser is spin dependent by carrying out ODMR experiments.
Our work is a first step in trying to unravel the photophysics of the NV center under infrared illumination, which is critical for many of the proposed exciting applications, and recently emerging fundamental research on optical trapping of diamond crystals. Clearly, varying the wavelength of the infrared laser, using excitation wavelengths that predominantly excite only one charge state (e.g. 593 nm laser), as well as performing statistical studies on single NV centers could be potentially useful future directions to investigate this effect. Another fruitful area might be to measure the electron capture and ionization rates (r −/0 and r 0/− in our paper) as a function of temperature, and apply principles of detailed balance to try and measure the energy separation between the charge states.
